In the present study, the production of a novel feruloyl esterase (FAE) from a typical human intestinal bacterium Lactobacillus acidophilus using various carbon sources was investigated. The results showed that FAE activity was strongly induced by hemicellulosic substances, with the highest activity detected when de-starched wheat bran (DSWB) was used as a carbon source. Moreover, the production was stimulated by the monosaccharides xylose and arabinose, suggesting its particular secretion mechanism. With increasing levels of free ferulic acid (FA) added, the production of FAE increased, reached a peak and declined. Further, on addition of either xylanase or a-L-arabinofuranosidase, the amount of FA released from DSWB by the purified FAE from L. acidophilus increased from * to +,.. nmol and -.0. nmol, respectively. When the three enzymes existed together, +/.1 nmol of FA was detected. These results indicated that xylanase is predominant and arabinofuranosidase subordinate in their synergistic e#ect on FA release by FAE.
Introduction
Recently, a great deal of research e#ort has been focused on dietary ferulic acid (FA) due to its potential health benefits. Many in vitro and in vivo studies have indicated that FA prevents oxidation of low-density lipoprotein (Kikuzaki et al., , **, ; Meyer et al., +332 ; Nicolosi et al., +33+ ; Ohta et al., +331) , exhibits inhibitory e#ects on tumor promotion (Anasoma et al., +33. ; Huang et al., +322) and protects against certain chronic diseases such as coronary heart disease and some cancers (Bravo, +332 ; Kawabata et al., +33/ ; Kikuzaki et al., +332 ; Slavin, , ***) .
FA is the most abundant hydroxycinnamic acid in the cell walls of cereal grains (Andreasen et al., ,*** ; Lempereur et al., +331 ; Smith and Hartley, +32-; Zupfer et al., +332) . In monocots such as wheat, FA is esterified to the C-/ hydroxyl groups of the arabinose residues of arabinoxylan (Hartley et al., +33*) ; in dicots such as sugar beet, FA is esterified to the C-, hydroxyl groups of arabinofuranose or to the C-0 hydroxyl groups of the galactopyranose residues of pectic side chains (Ralet et al., +33.) . For a complete understanding of the implications of dietary FA on human and animal health, it is necessary to preferentially clarify the mechanisms by which dietary FA is released from complex food matrices.
Since MacKezie et al. (+321) first reported their observations of feruloyl and p-coumaroyl esterase activities resulting in the cleavage of ester cross-linkages, feruloyl esterases (FAE) (.-hydroxy---methoxycinnamoyl-sugar hydrolase ; EC -.+.+.1-) from various sources have been purified and partly characterized (Faulds and Kroon et al. (+331) suggested that in human fecal inoculum FAE activity could be induced by fine bran cell wall material, but the induction of FAE activity in intestinal microflora is largely unknown.
In a previous study, we reported the purification and characterization of a novel FAE obtained from a typical human intestinal bacterium, Lactobacillus acidophilus (Wang et al., ,**.) . The N-terminal amino acid sequence of this FAE is completely di#erent from those of other FAEs, which suggests that it may possess particular properties. In this work, we investigated the production of this FAE from L. acidophilus during growth on various carbon sources and the release of FA from complex plant cell wall polymers (wheat bran) by the enzyme in the presence or absence of xylanase and arabinofuranosidase. The primary objective of this study was to obtain further information about FAE from the intestine in order to clarify the mechanism by which FA is released from foodstu#s in the intestine.
Materials and Methods
Chemicals Wheat bran was kindly supplied by Nisshin Seifun Group Inc. (Tokyo, Japan). De-starched wheat bran (DSWB) was prepared by incubating +** mg wheat bran with *.+ mg of a-amylase in ,* mM sodium phosphate bu#er (pH 0.3) at .*ῒ for .2 h. After terminating the reaction in boiling water for +* min, the mixture was dialyzed extensively against distilled water (DW) with agitation and then dried in a desiccator (Kato and Matsuda, +310) .
/-O-feruloyl-L-arabinofuranose (FAA) was prepared from refined corn bran (Nihon Shokuhin Kako Co., Ltd., Tokyo, Japan) using the method of Wang et al. (,**.) . For the xylanase assay, +.*῍ birch wood glucuronoxylan solution was prepared using birch wood glucuronoxylan (Fluka Chemical, Milwaukee, WI, USA) as described by Miller (+3/3). FA and other chemicals (analytical or HPLC grade) were obtained from Wako Pure Chemical Industries (Osaka, Japan) unless otherwise indicated.
Organism and growth conditions L. acidophilus (IFO +-3/+), which was purchased from the Institute of Fermentation, Osaka (IFO, Osaka, Japan), was cultured in a medium containing / g of polypeptone, / g of yeast extract, + g of MgSO.ῌ1H, O, *./ g of Tween 2* and / g of carbon sources, such as glucose, xylose, arabinose, fructooligosaccharide (FOS), oat spelt xylan (OSX) (Sigma, St. Louis, MO, USA) or DSWB, in + L of DW without aeration or agitation at -1ῒ for . days, as recommended by the manufacturer. The study of induction of FAE activity by FA was carried out using the medium stated above with OSX (*./῍, w/v) as a carbon source, supplemented with various concentrations of FA, followed by incubation fordays. For studying the interactions of enzymes, L. acidophilus was cultured using the medium stated above with DSWB (*./῍, w/v) as a carbon source for 0* h.
Enzyme preparations Cells were harvested from the culture medium by centrifugation at 0,/**ῐg for +/ min at .ῒ. After lysozyme and ultrasonication treatment according to the methods of Wang et al. (,**.) , the cell wall debris was removed by centrifugation (0,***ῐg, +* min, .ῒ) and the supernatant obtained was used as a crude extract for the enzyme induction assay.
FAE was purified from L. acidophilus grown on DSWB, as described by Wang et Enzyme assay One unit of enzyme activity was defined as the amount of enzyme that released + mmol of FA (for FAE), + mmol of reducing sugar (expressed as xylose, for xylanase) or + mmol of p-nitrophenol (for arabinofuranosidase) per min from its respective substrate.
FAE activity FAE activity was assayed by determining the amount of free FA released from FAA or DSWB using HPLC, as described previously (Wang et al., ,**.) . When DSWB was used as substrate, a + ml sample of assay mixture, consisting of +* mg DSWB, -* ml of enzyme solution, /** ml of *.,/ M morpholineethanesulfonic acid (MES)-NaOH bu#er (pH /.0) and DW, was incubated with gentle shaking at -1ῒ for / min. The reaction was terminated by heating for -min in a boiling water bath. The FA content of the samples was corrected against the ῍blank῎ ῌthe content of FA in the crude extract when the assay mixture contained enzyme solution and DW instead of substrate.
Xylanase activity Xylanase activity was estimated by measuring the reducing sugar released from +῍ (w/v) birch wood glucuronoxylan solution, according to the method of Bailey et al. (+33, ) , with a slight modification in that the reaction temperature was set at -1ῒ and pH at /.0. Xylose was used to make the standard curve.
Arabinofuranosidase activity The assays were carried out using p-nitrophenol-a-L-arabinofuranoside (Sigma) as substrate. One milliliter of the assay mixture, which consisted of +** ml of substrate solution (,* mM) and .** ml of appropriately diluted enzyme solution in *.,/ M MESNaOH bu#er (pH /.0), was incubated at -1ῒ for -* min. The reaction was terminated by adding + ml of ice-cooled *./ M Na, CO-and absorbance was measured at .*/ nm (molecular extinction coe$cient of p-nitrophenol : eῑ+2../).
Degradation of DSWB by purified FAE The degradation of DSWB by purified FAE was carried out in a + ml sample of assay mixture which consisted of +* mg of DSWB, /* ml of the purified FAE (-* mU), /** ml *.,/ M MES-NaOH bu#er (pH /.0) and DW at -1ῒ for -* min. The reaction was terminated by heating for -min in a boiling water bath. The released FA was extracted and determined by HPLC (Wang et al., ,**.) . In addition, the influence of the presence of xylanase or arabinofuranosidase on the release of FA was examined by adding xylanase (final concentration, , U ml ῏+ in all cases) and/or arabinofuranosidase (/ U ml ῏+ ) to the assay mixture. Extraction and quantitative determination of total FA from lignocellulosic materials The alkali-extractable FA content of DSWB and OSX (+* mg in both cases) was measured by adding + M NaOH (+ ml) and incubating at -1ῒ for ,. h in the dark (Garcia et al., +332) . After the pH was adjusted to -.*ῌ-./ with 0 M HCl, the solution was extracted with a double volume of ethyl acetate. The extract was then evaporated to dryness with a stream of nitrogen gas at room temperature. To the dry residues, .* ml of methanol/water (/* : /*, v/v) was added and its FA content was determined by HPLC (Wang et al., ,**.).
Hydrolysis and extraction were performed in triplicate. Results are presented as the means of three replicates with standard errors where appropriate.
Results and Discussion
E#ect of carbon source on the production of FAE The production of FAE from L. acidophilus grown on culture media containing di#erent kinds of carbon sources was investigated as shown in Fig. + . No significant di#er-ences were observed in the growth curves of bacteria cells grown on di#erent carbon sources. FAE activities were examined with FAA as substrate in order to avoid the interference of other enzymes which would probably exist in the crude extract. Compared with a glucose carbon source, it was found that FAE activities were induced by all carbon sources except FOS. DSWB, xylose and arabinose induced FAE activity in a similar pattern : FAE activity began to increase after two days of growth. In contrast, FAE activity induced by OSX reached a maximum after three days of growth and then dropped. DSWB showed a higher inducibility than OSX. In good agreement with results obtained using FAEs from A. niger and Streptomyces avermitilis UAH-*, the best production was achieved using DSWB as a carbon source (Faulds et al., +331 ; Garcia et al., +332) ; however, in other studies with Streptomyces spp., OSX showed greater inducibility than DSWB (Johnson et al., +322 ; MacKenzie et al., +321). Garcia et al. (+332) demonstrated that a lignocellulosic substrate was an essential requirement for induction of FAE, but in the present study FAE activity was also induced by monosaccharides.
Influence of FA on the production of FAE Both DSWB and OSX induced FAE activity in L. acidophilus ; DSWB induced more activity than OSX. Since there was a notable di#erence in FA content between DSWB and OSX, at *.3ῌ (w/w) and ῍*.***-ῌ (w/w), respectively, the e#ect on FAE activity of FA concentration in culture during growth was investigated. The results showed that FA concentration in culture increased during growth ; however, there was no linear relationship with FAE activity (data not shown). A study of the e#ect of free FA on the induction of FAE activity was carried out using OSX (due to its trace amount of FA content) as a carbon source. Addition of free FA clearly stimulated FAE production, as shown in Fig. , . Faulds et al. (+331) suggested that the production of FAE in A. niger was dependent on the amount of FA added, with the highest activity obtained in the presence of *.*-ῌ (w/v) of free FA in the tested concentration range of *ῌ*.*-ῌ. In the present study, when the level of FA added was *.*+ῌ, FAE activity reached a maximum with a value of *.,, U ml ῌ+ . It should be noted that the production of the FAE did not increase in direct proportion to the amount of free FA added. Another investigation with S. avermitilis UAH-* showed that there was no relationship between free FA concentration and FAE induction (Garcia et al., +332) , a result that is also inconsistent with this work. Our results suggest that FA is not required for FAE induction from L. acidophilus, but the addition of FA obviously influenced the induction of FAE activity which was not directly proportional to the FA added. It was clearly shown that FAE activity initially increased to a maximum and then declined. acidophilus. The bacterium was grown on OSX as a carbon source with addition of *, *.*+, *.*/, and *.+ῌ (w/v) FA over a --day period. FAE activity was assayed with FAA as substrate. The column represents the mean ῌ standard deviation (n῍-). Analytical results for FAE activity with FA addition were assayed by Tukey's test when significant di#erences were obtained by one-way analysis of variance.
The STATISTICA ,*** software package (StatSoft Japan Inc., Tokyo, Japan) was used for statistical analysis. The columns with di#erent letters di#ered from each other at a level of significance of p῎*.*/.
The e#ect of xylanase and arabinofuranosidase in crude extract on FAE activity Many studies have reported that only low levels, or no detectable levels, of free FA were released from DSWB by purified FAEs (Faulds and Williamson, +33+ ; Faulds and Williamson, +33/ ; MacKenzie and Bilous, +322 ; Topakas et al., ,**-a ; Topakas et al., ,**-b ; Topakas et al., ,**.). In our previous study, purified FAE from L. acidophilus could not release FA from high molecular weight feruloylated sugar esters FAXN (feruloylarabinoxylan) or FAXn (feruloyl-arabinoxylan with a lesser degree of polymerization of xylopyranose than FAXN) (Wang et al., ,**.) . In this work, FA was released from DSWB by crude extracts from L. acidophilus grown on all of the carbon sources except FOS (Fig. -) . Moreover, FAE activity with DSWB as substrate was observed to be di#erent from that using FAA as substrate when L. acidophilus was grown on all carbon sources. FAA can e#ectively block the influence of other enzymes on FAE activity as it has a specific structure for FAE, which means that FAE activity towards FAA reflects real FAE production by the microorganism. Our previous study showed that FAE activity did not change with or without the presence of xylanase when FAA was used as substrate (Wang et al., ,**.) . Therefore, it may be inferred that the di#erence between the profile of FAE activity using DSWB, a complex cell wall polymer, as substrate and the profile using FAA as substrate is due to the presence of other cell wall-degrading enzymes in the crude extract. The synergistic interaction between FAE and other enzymes, such as xylanase, has been extensively reported in the degradation of plant cell wall polysaccharides. Additionally, FA is known to be esterlinked to the arabinose sidegroups of arabinoxylans. Thus, with a high molecule substrate, the participation of FAE, xylanase and arabinofuranosidase is expected. The activities of xylanase and arabinofuranosidase in the crude extract were measured in this work. These were detected in all of the crude extracts, with maximum xylanase (+.31 U ml ῌ+ ) and arabinofuranosidase activity (+1.,-U ml ῌ+ ) detected when OSX and DSWB were used as carbon sources, respectively. Comparing the three enzyme activity profiles (Fig. -) during growth on di#er-ent carbon sources, it could be deduced that the bacterial regulatory mechanisms involved in the production and secretion of FAE, xylanase and arabinofuranosidase are di#erent.
It was found in the present study that the alteration of FAE activity was closely related to xylanase and arabinofuranosidase activities during cultivation. For example, when arabinose was used as a carbon source and DSWB as substrate, the release of FA began to decline after three days of growth, in contrast to the finding that FAE activity increased when FAA was used as a substrate. The decrease in FAE activity with DSWB as substrate after three days of growth was consistent with the decrease in the xylanase and arabinofuransosidase activities in the same crude extract. Moreover, after one day of growth on OSX the release of FA began to elevate more rapidly with DSWB as substrate than with FAA as substrate. The significant rapid elevation of FAE activity with DSWB as substrate was completely in agreement with the observed xylanase and arabinofuranosidase activity. Further, when L. acidophilus was grown on DSWB, after two days of growth FAE activity began to increase more slowly when DSWB rather than FAA was used as substrate. This suggested that FAE activity was influenced by the decrease in xylanase and arabinofuranosidase activities. It was concluded that FAE activity was closely related to xylanase and arabinofuranosidase activities when a high molecule substrate was used. However, it should be noted that when L. acidophilus was cultivated on FOS, the lack of FAE activity detected when DSWB was used as a substrate was not due to the decrease in xylanase activity after four days of growth, because real FAE activity was very low with FAA as substrate.
It was observed that xylanase had a greater influence than arabinofuranosidase on FAE activity. In other words, in terms of their e#ects on FAE activity, xylanase was predominant, whereas arabinofuranosidase was subordinate. For example, when glucose was used as a carbon source, we observed after three days of growth an increase in FAE activity which was in accordance with the increase in xylanase activity, although arabinofuranosidase decreased ; when xylose was used as a carbon source, the influence of xylanase and arabinofuranosidase on FAE activity was similarly observed.
Synergistic interaction between the FAE, xylanase and arabinofuranosidase In order to clarify the e#ect of the presence of xylanase and arabinofuranosidase on FAE activity, purified FAE and commercially available xylanase and arabinofuranosidase were used. The results are shown in Table + demonstrated that the presence of arabinofuranosidase failed to increase the amount of free FA released from wheat straw xylan and maize bran, respectively. In contrast, the present study shows that arabinofuranosidase promoted FA release from DSWB by FAE, a result which is similar to two previous findings that arabinofuranosidase promoted the release of FA by FAEs (A. niger, de Vries et al., ,*** and A. oryzae, Tenkanen et al., +33+) from wheat flour and wheat straw arabinoxylan. It is noteworthy that the contribution of arabinofuranosidase in promoting the release of FA was only ,3ῌ of that of xylanase. When xylanase and arabinofuranosidase were present in the reaction mixture together, the released FA increased by ,0ῌ compared to the value obtained in the presence of xylanase alone. This supported the results described above (Fig. -) which indicate that arabinofuranosidase contributed less than xylanase towards the release of FA from DSWB. Wheat arabinoxylans consist of a chain backbone of b-(+ῌ.)-xylopyranosyl units to which a-L-arabinofuranosyl residues are attached through the O-, and/or O--atoms of the xylose residues and in which FA is esterified to arabinose residues (Lzydorczyk and Biliaderis, +33,). Thus, it is possible to presume that the hydrolysis of the complex cell wall xylan backbone, which is a crucial factor in the release of FA, limits the overall reaction. Faulds et al. (+33/) pointed out that high FAE activity was shown for XAF (O-b-D-xylo- , indicating that such feruloylated fragments produced by xylanase degradation can improve FAE access to the ester bond. The steric hindrance of the arabinose sidegroups becomes unimportant, decreasing the promoting e#ect of arabinofuranosidase on FAE activity.
In conclusion, we have investigated the production of FAE in a typical intestinal bacterium, L. acidophilus, and suggested that the production of the FAE is not induced only by lignocellulosic substances but also by monosaccharides such as xylose and arabinose. The addition of FA clearly stimulated the induction of FAE activity. With the addition of increasing amounts of free FA, the production of FAE increased, reached a peak and declined. The present study also demonstrated that the participation of other cell wall-degrading enzymes is required to release FA from complex foodstu#s such as DSWB, with xylanase being predominant and arabinofuranosidase subordinate in this process.
